Abstract: Atomic force microscopy~AFM! can be combined with fluorescence microscopy to measure the changes in intracellular calcium levels~indicated by fluorescence of Ca 2ϩ sensitive dye fluo-4! in response to mechanical stimulation performed by AFM. Mechanical stimulation using AFM is associated with cantilever movement, which may interfere with the fluorescence signal. The motion of the AFM cantilever with respect to the sample resulted in changes of the reflection of light back to the sample and a subsequent variation in the fluorescence intensity, which was not related to changes in intracellular Ca 2ϩ levels. When global Ca 2ϩ responses to a single stimulation were assessed, the interference of reflected light with the fluorescent signal was minimal. However, in experiments where local repetitive stimulations were performed, reflection artifacts, correlated with cantilever motion, represented a significant component of the fluorescent signal. We developed a protocol to correct the fluorescence traces for reflection artifacts, as well as photobleaching. An added benefit of our method is that the cantilever reflection in the fluorescence recordings can be used for precise temporal correlation of the AFM and fluorescence measurements.
INTRODUCTION
The development of atomic force microscopy~AFM! has enabled investigations of a wide range of samples and environments, from single atom manipulation in ultrahigh vacuum to studies of individual molecules, proteins, nucleic acids, and different structures of living cells in buffered solutions~Muller, 2008!. AFM imaging is fundamentally different from conventional microscopy in that it allows localized, highly controlled invasion and manipulation of nano-and microscopic structures. These qualities have rendered it a technique of wide application in biology. Combining AFM with fluorescence microscopy, a technique widely used in biology, provides simultaneous ability to locally manipulate the sample~such as in force spectroscopy and nanomanipulation techniques! and to visualize the associated dynamic changes in cell status, properties, or signaling as reported by labeled molecules~Barfoot et al., 2008; Oh et al., 2008; Sanchez et al., 2010 !. The combined setup enables a complementary examination of the sample and a better understanding of the physiological processes than either of the techniques alone can deliver. However, it is important to understand potential interactions between different instruments and be prepared for the possibility of artifacts in the measurements.
AFM imaging allows local, controlled, and quantifiable mechanical or chemical interactions with the cellular and molecular structures, which enables experiments that require high-resolution imaging, determination of local mechanical properties, or the application of mechano-chemical stimuli. These techniques involve the use of a tip integrated at the very end of a cantilever. Interactions between the tip and the sample are controlled by the deflection of the cantilever. Thus, during experiments the tip moves relative to the sample to perform the measurement. The AFM application of particular interest to us is its use to study cell sensitivity to mechanical deformation of cell membranes Charras & Horton, 2002; Ehrlich & Lanyon, 2002; Guo et al., 2006 # i , including fura-2, fluo-3, and fluo-4~Molecular Probes, 2011!. Fluo-3 and -4 can be used in situations where only a visible spectrum excitation light source is available, and fluo-4 is brighter and more stable when compared to fluo-3~Molecular Devices, 2010!. Our goal was to establish a combined AFM and fluorescence microscopy setup to measure the changes in @Ca # i~i ndicated by fluorescence of fluo-4-loaded osteoblastic cells! in response to mechanical stimulation performed by AFM. Since mechanical stimulation using AFM is associated with cantilever movement, we hypothesized that this motion may potentially interfere with the fluorescence signal.
MATERIALS AND METHODS

Mechanical Stimulation of a Single Cell Using AFM
C2C12 cells stably transfected with BMP-2 were kindly provided by M. Murshed, McGill University. Cells were cultured in Dulbecco's Modified Eagle Medium~DMEM from Invitrogen Corporation, Carlsbad, CA, USA! supplemented with 2 mM of L-glutamine, 100 IU of penicillin, 100 mg/mL of streptomycin, and 10% of fetal bovine serum~Wisent, Inc., Montreal, Quebec, Canada! on round 25 mm No. 1 glass coverslips~Warner Instruments, Hamden, CT, USA! at 5% CO 2 at 378C. The media were changed every third day. Cells were cultured to 50-70% confluence to allow easy identification of individual cells. The experiments were conducted using an MFP-3D-BIO AFM~Asylum Research, Santa Barbara, CA, USA! mounted on an Olympus IX-71 inverted optical microscope. The sample placed in the closed fluid cell was left undisturbed for 15 min to achieve thermal equilibrium at 378C. A 60ϫ oil immersion objective with 1.45 NÃ Olympus, Tokyo, Japan! was put into contact with the coverslip allowing optical access from the bottom and AFM probe access from the top of the sample. The region of interest over the nucleus of the cell was located and aligned with the cantilever tip using bright-field and fluorescence images. Cells were mechanically stimulated using an NCLAuD cantilever Nanosensors, Neuchatel, Switzerland!, with a spring constant~k! of 40 6 8 N/m. The tip end was etched to a 1 mm 2 area using a focused ion beam microscope~FEI DB235; FEI Company, Hillsboro, OR, USA! to have a well-defined truncated pyramid shape, allowing the local pressure to be determined. The cantilever deflection and distance the probe moved were monitored and plotted in a deflection-distance curve. The force~F ϭ k{deflection!, the range~the net extension of the piezo element in a deflection-distance curve!, the speed, and the number of indentations were controlled.
Intracellular Calcium Measurements
The cells were loaded with 0.7 mM~micromolar! concentration of Ca 2ϩ -sensitive dye Fluo4-AM~Molecular Probes, Eugene, OR, USA! in culture media for 40 min at room temperature. The dye was washed twice with physiological buffered solution~130 mM NaCl; 5 mM KCl; 10 mM glucose; 1 mM MgCl 2 ; 1 mM CaCl 2 ; 20 mM! containing 2% 1 M HEPES~pH 7.4!~Kemeny-Suss et al., 2009!, the coverslip was assembled on to the peak fluid chamber~Asylum Research! and physiological buffered solution~1.5 mL! was added. The cells were illuminated with a 488 nm argon laser, and the emitted light was collected with a charge-coupled device camera~Cascade II; liquid from Photometrics, Tucson, AZ, USA!. In each experiment 200 images were acquired in a sequence. The exposure time was set to 250 ms and minimum time between frames was selected. The average time per frame was calculated to be 335 6 10 ms.
Analysis
Data are presented as representative traces, representative images, or means 6 standard error of the mean. AFM data were acquired using the Igor Pro software package; fluorescence images were collected using Image-Pro Plus~Version 6.2.! and saved as *.tif files. Matlab was used to extract, combine, and analyze fluorescence intensity data, calculate the fast Fourier transform~FFT!, and analyze the power spectrum. Power spectra peaks were fitted using leastsquares regression to a power law. Fluorescence and force spectroscopy measurements were correlated using Igor Pro.
RESULTS
Experimental Setup
Calcium~Ca 2ϩ
! signaling has been shown to be the prominent first response of osteoblastic cells to any type of mechanical stimulation~Hung et al., 1995 stimulation~Hung et al., , 1996 Chen et al., 2000 !. As a model of osteoblastic cells, we used the C2C12 cell line stably transfected with BMP-2 and cultured for 2-6 days~Li et al., 2011!. Cells exhibiting osteoblastic morphology~strongly adhered mono-nucleated cells with relatively large body and several filopodia! were chosen for mechanical testing. Post-experiment, the cells were fixed and stained for osteoblast marker alkaline phosphatase. Cells exhibiting osteoblastic morphology were also stained positive for the alkaline phosphatase~Fig. 1A!. Mechanical stimulation was performed with AFM force spectroscopy using a 1 mm 2 diameter tip. We analyzed Ca 2ϩ transients in response to two different regimes of mechanical stimulation:~1! low load indentation in which only membrane deformation was induced~Figs. 1B, 1C, green trace! and~2! high load indentation in which the membrane was penetrated after deformation~Figs. 1B, 1C, blue trace!. The membrane penetration event is easily identifiable on the deflection-distance curve as a decrease in the force required to continue to move the probe.
Photobleaching of Fluo-4 Fluorescence
Because @Ca 2ϩ # i transients are elicited in response to mechanical stimulation, we used Ca 2ϩ -sensitive fluorescent dye Fluo-4-AM~Molecular Probes, 2011! to study Ca 2ϩ responses to mechanical stimulation. First, to assess photobleaching, we monitored Fluo-4-loaded cells for the period required to perform the indentation experiment. Photobleaching was evident as a decrease in fluorescence intensity in the field of observation over time~Fig. 2A!. The cells in the field of view were individually selected with the assistance of bright-field imaging~Fig. 2A, white ellipses!, and the average intensity for each cell was plotted as a function of the frame~Fig. 2B solid lines!. As described by Vicente and colleagues~Vicente et al., 2007 !, the traces were fitted with a mono-exponential decay I~t ! ϭ Ae Ϫat function, resulting in a ϭ 228 6 28 s~Fig. 2B, dotted lines!. Photobleaching was also evident in the experiments where mechanical stimulation was induced~Figs. 2C-2F!. When high load indentation resulting in membrane deformation and penetration was induced~Fig. 2C!, the cell exhibited a global increase in fluorescence intensity, indicating a @Ca forces leading to membrane deformation only~Fig. 2E!, the cell exhibited local elevations in fluorescence intensity, which were only apparent at the point of contact with the indenting tip~Fig. 2F!. Multiple increases in fluorescence intensity were observed in response to multiple consecutive stimulations~Fig. 2F!.
The Movement of AFM Cantilever Affects Sample Illumination
During analysis of the experiments in which multiple consecutive membrane deformations at 0.1 Hz were performed, we noticed regular oscillations of the background signal Supplementary Movie 1!.
We plotted the average intensity over an ellipse surrounding the total area of the stimulated cell~cell 1! and nonstimulated cells~cells 2-4! as a function of time~Fig. 3A!. Changes in fluorescence intensity of nonstimulated cells are synchronized with those in the stimulated cell; therefore, it is unlikely that these changes are biological in nature. The characteristic frequencies of the fluorescence signal of the nonstimulated cells were assessed using FFT, and the peak frequency of the power spectrum was found to be 0.128 6 0.001 Hz~Fig. 3B!. The deflection curves were plotted as a function of time, and the average duration of each indentation was found to be ;8 s, resulting in a frequency of 1/8 ϭ 0.125 Hz, which closely corresponds to the oscillation frequency in fluorescence traces~Fig. 3C!. Next, for the experiments performed at different indentation speeds, the peak frequency of the fluorescence intensity traces was calculated and plotted as a function of the average duration of a corresponding deflection curve. A f ϭ 1/t relation was obtained by fitting a power function to the dataset~R 2 ϭ 0.998!~Fig. 3D!. Thus, the frequency~f ! of the oscillations observed in fluorescence traces corresponds to a period 1/f ! with which the indentations were performed. We concluded that the motion of the AFM cantilever affects the sample illumination due to reflection of laser light from the cantilever, producing changes in the fluorescence intensity of nonstimulated cells that are unrelated to changes in the @Ca 2ϩ # i of stimulated cells, as schematically summarized on Figure 3E .
Protocol for Signal Correction for Bleaching and Cantilever Reflection
To correct for the cantilever motion and bleaching artifacts, raw fluorescence traces were processed using Matlab~Sup-plementary Information 1, Matlab code 1!.
The image sequence was loaded into the program, and ellipses surrounding different cells were manually selected Figs. 4A, 4D!. The spatially-averaged intensity for each selected cell was calculated for each frame, and the frame evolution of the average fluorescence intensity was plotted Figs. 4 B, 4E!.
For the experiments in which global increase in fluorescence intensity~an average intensity higher than fourfold the average noise! was observed~Figs. 4A-4C!, the curves were processed as follows~Supplementary Information 2, Matlab code II!. Testing mechanosensitivity of bone cells using AFM. C2C12 cells stably transfected with BMP-2 were cultured for 2-6 days to obtain an osteoblastic phenotype. A: Representative image of C2C12 culture stained for osteoblast marker, alkaline phosphatase~red!. B, C: A single cell was indented using a cantilever with a blunt tip of 1 mm 2~s quare micrometers!. The force exerted by the probe and the distance the probe moves were monitored and plotted as a deflection-indentation curve. B: Schematic representation of events observed using deflection-force curve:~a! the contact point of the tip is evident as increase in force required to move the probe;~b! when membrane rupture force is reached, the tip penetrates the cell~apparent by a decrease in the cell resistance!;~c! when a predetermined maximum force is reached probe retraction is initiated. The maximum force was set to be either below~green! or above~blue! the membrane rupture force. DEF is the extent of membrane deformation; PEN is the depth of probe penetration. C: Examples of deflection-distance curves from experiments in which membrane deformation only~green! or deformation plus penetration~blue! were induced.
Supplementary Movie 1
Supplementary Movie 1 can be found online. Please visit journals.cambridge.org/jid_MAM.
Supplementary Information 1
Supplementary Information 1~SupInfII! can be found online. Please visit journals.cambridge.org/jid_MAM. First, we assessed if the changes in fluorescence intensity could be due to changes in sample illumination. We assume that changes in sample illumination are evident in the fluorescence traces of nonstimulated cells; therefore, if we can find a linear combination of the fluorescence profiles of the n nonindented cells Cell~i !~( iϭ2 nϭ1 a~i !{Cell~i !! such that the Primary cell profile will be obtained, then the increase in fluorescence intensity in the Primary cell is due to changes in sample illumination and not in @Ca -sensitive dye Fluo4 AM and changes in fluorescence intensity over time were assessed. A: Overall decrease in fluorescent intensity is evident over the image sequence taken at ;3 frames/s. No mechanical stimulation was performed. Image frames are indicated at each image. Scale bar is 25 mm in all images. Different cells were identified with the assistance of bright-field image and are indicated by white ellipses. B: The average fluorescence intensity of each cell was determined and plotted as a function of frame~solid traces!. The intensity trace of each cell was fitted with a mono-exponential decay function~dotted lines!. C-F: Photobleaching is evident in fluorescence traces acquired while mechanical stimulation was performed. C, D: Deformation leading to membrane rupture induced global increase in fluorescence intensity. C: Deflection-distance curve of stimulation leading to membrane rupture. D: The average fluorescence intensity over the total area of indented cell was plotted as a function of frame. E, F: Low level membrane deformation induced local increase in fluorescence intensity. E: Deflection-distance curves for the six consecutive stimulations performed in the same position in a single cell. F: The average fluorescence intensity over a 5 mm diameter circle centered at the indentation site was plotted as a function of frame.
Supplementary Information 2
Supplementary Information 2~SuplInfGlobal! can be found online. Please visit journals.cambridge.org/jid_ MAM. are different, specifically at the peak of the fluorescence increase, it can be concluded that the Primary cell exhibited a Global Ca 2ϩ response to mechanical stimulation. Next we corrected the Global Ca 2ϩ response for photobleaching. A new linear combination of nonstimulated cells Fig. 4C , ExtrLinComb! was fitted to the initial~before stimulation! and final~last 25 frames of recording! extremes of the Global response trace~Fig. 4C!, and approximated with a mono-exponential decay curve~Fig. 4C, ExpFit!. Global trace was divided by the ExpFit curve resulting in the final bleaching-corrected~i.e., normalized! Global Ca 2ϩ responsẽ Fig. 4C , UnbGlobal!. Although we sometimes see reflection artifacts in stimulated and nonstimulated cells, in all cases they appear before the onset of global Ca 2ϩ response. Therefore, when the post-stimulation time frame is selected for analysis, no additional procedure is required to correct for these artifacts in the experiments with global calcium responses.
For the experiments in which multiple consecutive low load membrane deformations were performed~Figs. 4D-4F!, the traces were processed as follows~Supplementary Information 3, Matlab code III!. The Power spectrum PowSpec! of the FFT for each cell trace in panel A was calculated and is plotted as a function of the frequency. A frequency peak appears at 0.128 6 0.001 Hz. C: The deflection-time curves acquired for the same experiment are plotted as a function of time. D: The power spectrum was calculated for nonstimulated cells in experiments performed at different indentation speeds, the peak frequency of the power spectrum for each experiment is plotted as a function of the duration of the deflection-time curves. A power fit was calculated and a relation ;1/f was obtained with R 2 ϭ 0.998. E: Schematics of the effect of the presence of the cantilever on the sample illumination:~i ! The incident light in the sample is partially absorbed by the sample and partially transmitted through the sample~green arrow!. The fluorophores that absorbed light at the excitation wavelength are now excited and decay back to their lower energy state, emitting light at a longer wavelength~emitted light in i !.~ii ! The light transmitted continues its optical path and is then reflected by the cantilever, which is located a few microns above the sample. The back-reflected light is again partially absorbed by the sample, and thus more fluorophores are excited emitting additional light~emitted light in ii !.~iii ! The light emitted by the fluorophores is detected~emitted light in i ϩ emitted light in ii !.
In addition to the spatially-averaged fluorescence intensity profile over the whole cells in the field of view~Fig. 4D, white circles!, we took the spatially-averaged intensity over a circle of 5 mm in diameter centered on the point of indentation~Local!~Fig. 4D, black circle!. To correct for photobleaching, the linear combination~( iϭ2 nϭ1 a~i !{Cell~i !! of traces from nonstimulated cells was calculated and approximated with a mono-exponential decay curve. The Primary Global and Local traces, as well as the linear combination, were corrected for bleaching by dividing them by the monoexponential decay curve. Once corrected for bleaching, the Local~Fig. 4F, UnbLocal!, the Global~Fig. 4F, UnbGlobal!, and the linear combination~Fig. 4F, UnbLinearCombination! profiles were compared. Although we observed oscillatory changes in fluorescence intensity of Global profile, they were similar to oscillations in the linear combination trace and corresponded to the frequency of mechanical stimulation, allowing us to conclude that the Global Ca 2ϩ response is absent; this signal is cantilever displacement induced. However, in the Local fluorescence trace both oscillatory changes present in the Global profile and sharper fluorescence spikes changes in fluorescence intensity higher than fourfold the average noise! are evident~Fig. 4F!. Therefore, we attribute these Local elevations to a cellular Ca 2ϩ response to mechanical stimulation. To correct the Local response for illumination artifacts, we subtract the bleaching-corrected Global Ca 2ϩ trace~UnbGlobal! from the bleaching-corrected Local Ca 2ϩ trace~UnbLocal!, resulting in bleaching-and reflectioncorrected Local Ca 2ϩ response~Fig. 4F, UnbResp!.
Using the Cantilever Reflection as a Means to Correlate the Force and Fluorescence Signals
Although both deflection-distance data and fluorescence sequences can be time stamped, different programs are used for data collection, which may be operated on different computers, resulting in uncertainty with the small offsets between the indentation and fluorescence measurements. The presence of cantilever reflection within the fluorescence dataset allows for precise alignment of these independent datasets. Using Igor Pro software the deflection-time traces Fig. 5A , black! and the fluorescence trace of the nonstimulated cell that exhibited the most prominent oscillations were plotted on the same graph~Fig. 5A, gray!, matching the specific events in the deflection-time curves~the time between the maximum deflections for curves one and five!, to specific positions in the fluorescence trace~the first and the fifth minima in the fluorescence trace!. This procedure allows the temporal component of the fluorescence recording of the stimulated cell to be overlaid with the force spectroscopy measurements~Fig. 5B!.
CONCLUSION
Fluorescence is one of the most common optical techniques used for the characterization and quantification of biological systems. Combining fluorescence measurements with other microscopy techniques allows achieving a better understanding of the molecular and cellular processes. However, it is important to understand potential coupling of signals from the different instruments and be prepared for the possibility of resultant artifacts in the measurements. We have used the combination of AFM microindentation with fluorescence measurements of cytosolic free Ca 2ϩ levels. In our experimental setup, the motion of the AFM cantilever with respect to the sample resulted in reflection of light back to the sample and thus changes in the fluorescence intensity profiles that were not related to changes in intracellular calcium levels. We developed a protocol to correct the fluorescence traces for this coupling artifact. In addition, we demonstrate that the coupling of the different tools, when corrected for artifacts, can in fact be used for advanced data analysis, such as more precise temporal correlation of AFM and fluorescence measurements. # i in response to multiple consecutive mechanical stimulations of a single cell were assessed. A: The average fluorescent intensity of a nonindented cell~gray trace! was overlaid to the force-spectroscopy measurements in the same experiment~black traces! to achieve the best match of fluorescent minima with the points of maximum extensions of the cantilever in a force spectroscopy measurement~dotted lines!. B: The overlay of bleaching-and reflection-corrected fluorescence trace of a stimulated cell gray! with the force-spectroscopy measurements~black!.
